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Geosciences

Migration of the Frozen/Melted Basal Boundary Linked to ~100 km of Ice Margin Retreat,
Western Greenland Ice Sheet
Chairperson: Dr. Joel T. Harper
The geometry and thermal structure of western Greenland ice sheet have evolved over the last 11
kyr in response to Holocene climate. Evolution of the frozen and melted fractions of the bed
associated with the ice sheet retreat over this time frame remains unclear. We address this
question using a thermo-mechanically coupled flowline model to simulate a 11 kyr period of ice
sheet retreat in west central Greenland. Our transient flow-line modeling includes high order
stresses, thermally active bedrock, a well-informed climate that is constrained by an established
record of ice margin retreat. We partition the transient heat balance into the various components
driving thermal evolution of the bed. Our results show that an episode of ~100 km of terminus
retreat is commensurate with only ~14 km of inward migration of the frozen/melted basal
boundary. The thermally active bedrock layer acts as a heat sink, tending to slow contraction of
frozen-bed conditions as the ice sheet retreats. The majority of retreat of the frozen area is
associated with enhancement of the frictional and strain heating fields, which are accentuated
towards the retreating ice margin. Since the bedrock heat flux in our region is relatively low
compared to other regions of the ice sheet, the frozen boundary is more advanced and therefore
more susceptible to marginward changes in the frictional and strain heating fields. Migration of
melted regions thus depend on both geometric changes and the antecedent thermal state of the
bedrock and ice, both which vary considerably around the ice sheet.
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1. Background
1.1

The Frozen/Melted Boundary
The frozen/melted boundary (FMB) separates regions of the ice sheet that are frozen at

the bed from areas that are melting at the bed. This boundary is the result of cold accumulated
snow deposited in past climate conditions on the interior Greenland Ice Sheet (GrIS) that has
been buried, densified to ice, and is now being advected through the ice sheet (Figure B-1). As
this ice is advected through the column it deforms causing it to warm, and exchanges energy
diffusively with the surrounding ice. When the ice reaches the bed, it will exchange energy
diffusively with the bedrock, which itself is heated from the interior of the earth from a
geothermal heat flux. These heat sources, acting on cold ice as it is transported along the bed,
establish a general spatial pattern of frozen basal conditions in the Greenland Ice Sheet interior
transitioning to melted basal conditions towards the ice edge.
The FMB is an important marker that defines the area under the ice sheet that has the
ability to slide over its bed. Ice is under immense pressure, and resulting pressure gradients cause
it to flow as a non-Newtonian material described by Stokes flow. When the bed of the ice sheet
is below the pressure melting point, the ice behaves entirely in this way and has a no slip
boundary at the interface between the ice and the bedrock. When the ice at the ice bedrock
interface reaches the pressure melting point, the ice gains the ability to slide at this interface
(Cuffey and Paterson, 2010). Regions of the ice sheet where sliding can occur generally have 10
times greater velocities, and therefore advection of ice to the margins. Increasing the amount of
ice to the margin results in increased melting and calving of the ice sheet. For this reason,
knowing the location of the FMB, which gives a binary classification of the basal thermal state,
provides insight into sliding processes that impact the overall mass balance of the ice sheet.
1

Figure B-1: Schematic of the setup of the Frozen/Melted Boundary. The boundary is the
thinner purple line separating the Frozen and Melted beds. This boundary is more likely a
region than a clean line as shown here.
1.2
1.2.1

Prior Work
The current state of the Frozen/Melted Boundary
Direct measurements of basal temperature are objectively the best way to constrain the

current state of the bed. On the GrIS there are currently six basal temperature measurements in
the interior of the ice sheet spread out along the approximately 2400 kilometer north-south length
of the ice divide, seven basal measurements on the southwest margin of Greenland split between
near Jakobshavn Isbrae and Issunguata Sermia, and 3 identified subglacial lakes (MacGregor and
others, 2016). Using this sparse set of direct measurements, indirect measurements, and outputs
from thermo-mechanically coupled modeling exercises, MacGregor et al. (2016) was able to
partition the ice sheet into regions of likely frozen, likely melted, or uncertain (Figure B-2). The
synthesis indicated that the ice sheet is in general frozen along its central north-south axis, with
the width of the frozen regions ranging from around five hundred kilometers east-west, to less
than one hundred kilometers east-west. Between the likely frozen and likely thawed regions there
exists a large region of uncertainty, which can be up to one hundred kilometers in width from
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east to west. The ice sheet is generally thawed at the margins, with thawed regions that are
several hundred kilometers east-west width existing in west-central, south-western, southeastern, and north-eastern Greenland.
The proposed work will focus on Southwest Greenland, where from the ice divide at Dye
3 (southernmost blue dot on Figure B-2), the frozen region is suggested to be less than one
hundred kilometers wide east-west, with over 250 kilometers of thawed region towards
extending inland from the western terminus.
Since the synthesis was published, Jordan et al. (2018) used radar sounding to detect the
presence of water under the ice sheet and found general agreement between the radar
measurements and MacGregor's et al. (2016) synthesis. The largest region of inconsistency is in
northern Greenland where there were a considerable number of positive measurements for basal
water made in the likely frozen region. Jordan et al. (2018) suggested that the discrepancy can be
explained in the context that three of four methods in MacGregor et al. (2016) associate a melted
bed with considerable ice sheet motion, and these melted points occur in regions with low ice
sheet motion. This would indicate that MacGregor et al. (2016) analysis is biased against
expecting a melted bed in low velocity regions. Jordan et al. (2018) also suggested the
discrepancies could be a result of outdated knowledge of the geothermal heat flux in Greenland
used in MacGregor et al. (2016), or the that radar survey could pick up locally thawed areas in
overwhelmingly frozen regions which would be too fine in detail to be resolved with a thermomechanically coupled modeling exercise. This discrepancy indicates that while there is
increasing resolution of the partitioning of frozen and melted beds in Greenland, there are still
inconsistencies that limit confidence in the current basal thermal state.
It is worth noting MacGregor et al. (2016) indicated that none of the methods used in the
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synthesis was clearly more reliable than any other, and the models are limited by our current
understanding of process. This can be illustrated by the lack of overlap in the modeling exercises
prediction of absolute temperature. While the models used in the study agree to a large degree in
the binary classification of frozen and melted, there exist large spatial and magnitude differences
in the prediction of absolute basal temperature.
A secondary example of the limited reliability in current models can be illustrated by the
basal thermal state at Dye 3 in southern GrIS; many models in MacGregor et al. (2016) synthesis
of the basal thermal state, IcIES, CISM, Elmer/Ice, UMISM, PISM, AIF, as well as some older
papers not used in the synthesis, Greve & Hutter (1995) and Huybrechts (1996), predict the basal
temperature at the location of Dye 3 to be much warmer (> 5∘ 𝐶) than the observed −13∘ 𝐶. If it
weren’t for the direct field observations the consensus of the models would indicate this location
to be at or near its pressure melting temperature.

Figure B-2: MacGregor et al. (2016) synthesis of the ice divide. The Region of proposed study is
boxed in dark blue, and the temperature profile at Dye 3 is indicated by the arrow. A more
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detailed temperature profile can be seen in Figure B-3.
1.2.2

Sensitivity of the Frozen/Melted Boundary to Geothermal Heat Flux
The geothermal heat flux is an energy input from the interior of the earth to the bed of the

ice sheet. This quantity is tunable, and not well constrained under the ice sheet. For example,
three unique published geothermal heat flux maps were used for comparison reference in Jordan
et al. (2018) in an attempt to see which map best matched measurements of basal water. None of
the three maps were in good agreement with the basal water measurements. While this illustrates
that work need to be done to constrain the geothermal heat flux under the ice sheet, this lack of
knowledge of the actual geothermal heat flux beneath ice sheet isn’t as important to this
proposed research as an understanding of the sensitivity of the frozen/melted boundary to the
prescribed values of geothermal heat flux.
Huybrechts (1996) ran three 3D steady state simulations of the GrIS with constant
climates, and spatially constant geothermal heat fluxes of 31.5 𝑚𝑊 𝑚!! , 42 𝑚𝑊 𝑚!! , and
53.5 𝑚𝑊 𝑚!! . The resulting percentages of the ice sheet bed at the pressure melting point, a
proxy to the frozen/melted boundary, were 24%, 31%, and 48% respectively. This experiment
shows how for a reasonable range of geothermal heat-flux values, there can be large variations in
the amount of the bed at pressure melting.
Greve & Hutter (1995) ran a similar experiment to Huybrechts (1996), and found with
prescribed heat fluxes of 29.4 𝑚𝑊 𝑚!! , 42 𝑚𝑊 𝑚!! , and 54.6 𝑚𝑊 𝑚!! bed with 33%, 39%,
and 52% of the bed at pressure melting conditions. The numbers exhibit a similar large variation
in the percentage of the bed at pressure melting condition. Discrepancies in the values, such as a
lower heat flux producing a larger percent of the bed at the pressure melting point, are due to the
differences between the two paper’s model implementations.
Brinkerhoff et al. (2011), looked at the sensitivity of the frozen/melted boundary along a
5

400 km flowline from the ice divide to the terminus to changes in geothermal heat flux. The
prescribed geothermal heat flux varied over a range from 0-120 𝑚𝑊 𝑚!! . This range was
chosen to encompass much higher and lower geothermal heat fluxes than are actually expected
on the ice sheet. It was found that the frozen melted boundary shifted from around 75 km from
the margin at 0 𝑚𝑊 𝑚!! and approached asymptotically 350 km at 120 𝑚𝑊 𝑚!! .This
interesting result indicated that even unreasonably high geothermal heat fluxes are not able to
overcome the cold content moving vertically at the ice divide.
These papers all demonstrate that predictions of the frozen/melted boundary will be
strongly sensitive to the choice of geothermal heat flux prescribed over the domain.
1.2.3

Sensitivity of the Frozen/Melted Boundary to Basal Traction
The basal traction is a parameter inserted into a flow law that relates basal velocity to the

basal shear stress of an ice sheet. Changing this parameter increases or decreases the velocity of
the ice at the bed, which in turn results in more or less frictional heating. The frictional heating
can dominate basal heating over the geothermal heat flux in fast sliding areas.
Seddik et al. (2012) ran four experiments comparing the output of a 3D full stokes and a
3D shallow ice model of the Greenland Ice Sheet 100 years into the future. Both models were
initialized off of a paleoclimate spin up produced by the shallow ice model and the initial
configuration of the basal thermal state was presented. Two of the experiments were run with a
doubled sliding coefficient, and the use of the doubled sliding coefficient resulted in a slightly
smaller extent of the FMB, indicating that the choice of basal traction can affect the location of
the boundary to some extent less than 50 km.
Calov & Hutter (1996) also indicate the thermal regime close to the base depends on the
sliding law. Using a 3D Greenland ice sheet model, they ran four steady state experiments. The
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experiments were a reference model with no basal sliding, a model with sliding but no frictional
heating, a model with sliding with frictional heat applied over the entire domain, and a final
model with sliding with friction only where the ice is at the pressure melting point. They found
that without frictional dissipation, the margins of the ice sheet remained frozen. If friction was
added, the margins melted. If friction was restricted to only regions of where the ice was at the
pressure melting point, the extent of the ice is similar to that with friction everywhere, but the
interior temperatures are much colder.
Brinkerhoff et al. (2011) using a 2D flowline model varied basal traction between one
half and twice a reference value downstream of the equilibrium line altitude (ELA) where it
might be expected that surface melt can penetrate to the bed. This resulted in large changes in
surface velocity in the melted region below the ELA, but almost no change in velocity above the
ELA. The frozen-melted boundary was found to be insensitive to downstream changes in basal
traction. It is suggested that this is a result of the short range over which stress is dissipated at the
basal boundary.
These papers indicate that the frozen melted boundary is sensitive to changes in basal
traction, but only if the basal traction is changed over the entire domain of the ice sheet.
Downstream effects do not appear to have a large influence on the frozen/melted boundary
location.
1.2.4

Transient Behavior of the Frozen/Melted Boundary Driven By Surface Climate
Geothermal heat flux is thought to be constant over ice age time scales. The basal traction

coefficient is usually solved for using a model initialization procedure, and is likely most
variable in sliding regions where it is not expected to considerably change the frozen/melted
boundary. This means that while the values of the geothermal heat flux and the basal traction
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influence the response of the frozen/melted boundary, they are not the cause major time variable
changes. The expected transient behavior of the frozen/melted boundary is driven by surface
climate forcing which includes temperature and surface mass balance. When considering
changes at the bed as a result of changes to surface forcings, the important questions are how
long until there is a noticeable change at the bed, and how large is the change when it occurs?
Seroussi et al. (2013) provides some evidence for the insensitivity of the basal thermal
state when running century scale simulations of the Greenland Ice Sheet. A data initialization
procedure was used to tune the basal traction and match the surface velocity. The first used an
initial temperature field that added a linear interpolated temperature deviation of 0∘ 𝐶 at the
surface and 3∘ 𝐶 at the base to the steady state temperature profile. The second linearly
interpolated the surface temperature to the pressure melting point at the bed, and the third
assumed an isothermal ice sheet with the temperature equal to the surface temperature. The
results of these experiments showed that the ice sheet was much more sensitive to basal sliding
and atmospheric conditions than it was to reasonable changes in its initial temperature. In other
words any change in dynamics that may result from different initial temperature states take more
than 100 years to have significant effects on the ice sheet.
Huybrechts (1996) ran five 3D experiments on the GrIS to steady state with different
temperature perturbations input into the climate model. The first experiment was run using a
prescribed climate and precipitation. The next two experiments were run with colder climates of
−10∘ 𝐶 and −20∘ 𝐶 from the reference experiment with an associated decrease in precipitation
with temperature. The next two experiments explored the effects of −10∘ 𝐶 temperature change
with no change to the accumulation rate, and a lowered accumulation rate associated with a
−10∘ 𝐶 climate but with no change to the surface temperature from the reference run. The
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resulting curves for average basal temperature over time showed that around 50% of the
temperature change to steady state occurred within the first 10,000 years after the change was
made.
The experiments showed a wide range of steady state percent of area with basal melting.
The reference run produced a basal melt percent of 31%. The two scenarios with decreased
surface temperature and precipitation produced basal melt percent of 14% and 7% respectively.
Reducing the temperature but not the precipitation rate resulted in a basal melt percent of 15%.
Reducing the precipitation rate but not the temperature resulted in a basal melt percent of 57%.
For long-term climate changes, the basal thermal state is sensitive to the surface climate.
Huybrechts (1996) also ran three 3D experiments driven on the Greenland Ice Sheet
driven over a glacial cycle with different temperature and associated precipitations driven by
𝛿 !" 𝑂 records. The first and second model had an identical climate forcing, but the second model
did not contain a thermally active bedrock layer. The average basal temperature varied between
−4∘ 𝐶 and −7∘ 𝐶 in these two runs. The addition of a thermally active bedrock layer resulted in a
slight damping of the average basal temperature. The magnitude of this damping was on the
order of at most 0. 2∘ 𝐶 for extrema. The third experiment ran a considerably colder climate
regime over the ice sheet. The basal temperature varied between −6∘ 𝐶 and −11∘ 𝐶 for this colder
run. The basal melt fraction for the first and third experiment varied between 15-25% and 6-20%
respectively. These two lines are roughly correlated, although the basal temperature is subject to
less fluctuation.
There are two important takeaways from the above experiment. Firstly, the addition of a
thermally active bedrock layer has a noticeable effect of the mean basal temperature. This is
supported by findings in Calov & Hutter (1996) that found that it took on the order of 3 times as
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long for their experiments to reach steady state. The second takeaway is that the frozen\melted
boundary is subject to large fluctuations in position over the course of an ice age cycle as a result
of changes in surface temperature and surface mass balance. The second takeaway has support
from Marshall & Clark (2002) who also showed that the basal melt fraction varied considerably
over an ice age cycle in 3D simulations of the Laurentide Ice Sheet.
One major drawback to Marshall & Clark (2002) and Huybrechts (1996), is that while it
is clearly demonstrated that the frozen/melted boundary will move considerably over an ice age
cycle, whether it’s position is dictated more by the surface temperature, or the surface mass
balance, is not elucidated. For example, plots in Marshall & Clark (2002) suggest that the basal
melt fraction is not necessarily correlated with the average surface temperature. Huybrechts
(1996) showed similar apparent complexity of the interaction between temperature and
precipitation in their steady state experiments. Firstly, decreasing the temperature, but not the
precipitation did not considerably change the basal melt percent (14% to 15%) compared to the
changing the temperature by the same magnitude with an associated decrease in precipitation.
That being said, the average basal temperatures in these experiments were −11.4∘ 𝐶 and −7.9∘ 𝐶.
However, reducing the precipitation and holding the surface temperature at reference levels
drastically increased the basal melt percent compared to the reference run, and also resulted in a
0. 2∘ 𝐶 increase in bed temperature. This indicates a complex response between precipitation and
surface temperature in dictating the basal thermal state. More evidence for this complexity is
shown in Huybrechts' (1996) plots of average basal temperature during the steady state
experiments. It is shown that models with lower precipitation rates can have more rapid changes
in basal temperature after the initial change to surface conditions. This is a bit counterintuitive,
as one might expect higher precipitation to increase vertical advection rates.
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To summarize, the frozen melted boundary is sensitive on millennial time scales to
changes in climate, but is likely insensitive on century time scales. If there is a step like change
in surface conditions, a large fraction of the effect can be felt within several thousand years of
the change. The addition of a thermally active bedrock layer has noticeable effects on the
solution, with a decrease in sensitivity to temporal changes. The frozen/melted boundary is likely
subject to a considerable amount of change over an ice age cycle. Finally, it appears that there is
a considerable amount of complexity built into the interaction of surface temperature and surface
mass balance in dictating the response of the basal thermal state to changes in the surface
climate.
1.2.5

The Past 10000 years of Climate History of Southwest Greenland Ice Sheet
The basal temperature distribution, and by extension the frozen/melted boundary, is a

function of past surface climate, which is known to have varied substantially in the past 10000
years. 10000 years ago during the Last Glacial Maximum (LGM), the surface climate was colder
than present and the ice sheet in southwestern Greenland advanced 100s of kilometers west of its
present position (Lecavalier and others, 2014). After that point in time, models indicate that the
ice sheet in southwestern Greenland retreated inland approximately 40 km from its present
position during the Holocene Thermal Climate Optimum (HCO) 8-5 thousand years ago
(Lecavalier and others, 2014) when temperatures were warmer than present by 1.6 ±. 8∘ 𝐶
(Kaufman and others, 2004).
Even though there were significant changes of the ice sheet geometry at the margin of the
ice sheet, at the Dye 3 ice divide, ice core temperature measurements show that colder ice from
the LGM is currently at the bed, and warmer ice from the HCO has yet to arrive at the bed (DahlJensen and others, 1998)(Figure B-3). This is consistent with other studies described in the
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previous section that indicate that it can take thousands of years for effects at the surface to be
felt at the bed.

Figure B-3: The temperature profile in the ice core hole at Dye 3. The blue arrows indicate
measured temperatures that are colder than a steady state profile under today’s conditions, and
the red arrows indicate temperatures that are warmer than a steady state profile under today's
conditions.
1.3
1.3.1

Scientific Scope
Scientific Problem
The frozen/melted transition at the GrIS bed controls the onset of sliding conditions, and

is a sensitive function of past climate. The frozen/melted boundary (FMB) has been shown to be
sensitive to geothermal heat flux, basal traction, and climate changes over several thousand
years. The geothermal heat flux is thought to be constant in time but varies considerably in
space, and the basal traction likely varies the most downstream from the frozen/melted boundary
where it is unlikely to have much of an effect. Although it is clear that the surface climate drives
changes in the location of the frozen/melted boundary over ice age timescales, the complicated
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interaction between surface mass balance and surface temperature make future estimates of the
frozen/melted boundary difficult to reckon through intuition.
We have good constraints on the last 10k years of climate and terminus positions in
southwestern Greenland. As the Southwest Greenland Ice sheet evolved over the last 10k
years, the frozen/melted boundary position is likely to have changed, but the extent of
movement and specific processes driving this movement is unknown.
One possibility is that large change to the FMB is expected. This idea might seem
intuitive since there were such large changes in position of the Southwestern Greenland margin
during the Holocene Climate Optimum. Another possibility is that any perturbation to the ice
sheet energy balance, for example from changing ice advection rates or changes in frictional
heating, will be relatively small even with the large change in geometry. If this occurs the
potential change to the FMB will be quite small. In that case, a small change in FMB is
associated with a relatively large change in ice sheet geometry, which is not intuitive. Putting
physical bounds on the potential responses (if any) of the frozen/melted boundary in
Southwestern Greenland to the Holocene Climate Optimum will provide insight into how the
frozen/melted boundary responds to climate changes, as well as evidence for how basal sliding
will evolve into the future.
1.3.2

Broader Impacts
The current observations of global sea level and the understanding of the scientific

community predict that sea level rise in the next century and beyond are essentially certain with a
range of likely predictions of 0.28 to 0.98 meters by 2100 over all climate scenarios (IPCC,
2019). Beyond 2100 the Global Sea Level is expected to continue to rise, but there is even larger
uncertainty in these projections since they are very dependent on the types of actions that
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humans take in response to climate change. In order to properly inform potentially expensive
policy decisions that will affect populations who can potentially be displaced by sea level
increases both in the near and far future, this range of likely predictions must be narrowed.
Approximately 25% of present sea level contributions to global oceans come from the
GrIS, and this contribution is increasing faster than any other source (Chen and others, 2017).
Current projections of the Greenland Ice Sheet, which contains 7 meters of sea level equivalent,
in the year 3000 suggest significant decreases in mass even with the lower projections of
increasing future global temperatures (Aschwanden and others, 2019). In order to better
understand the current and future contributions of the Greenland Ice sheet to future global sea
level, an understanding of ice dynamics in affecting the rate of mass loss need to be better
understood. Since the basal thermal state plays an important role in the dynamics of the ice sheet,
this research will inform future research in understanding the effects of preserved climate history
on the dynamics of the ice sheet.
1.4

Preliminary 1-D Modeling
Before transitioning to a 2-D model with refined physics, we first consider a location at

the ice divide where there is no horizontal advection of ice. At this location the problem can be
simplified into a 1-D problem. We use this simplified model to gain intuition into the timing and
magnitude of temperature changes at the bed as a result of changes in surface temperature and
accumulation rates.
1.4.1

1-D Model Methods
A 1D vertical advection-diffusion model was implemented in FEniCS, an open source

finite element software package in python (The FEniCS Project). The ice core model represents a
location of the ice sheet at the ice divide where there is no horizontal velocity. The model solves
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the 1D temperature advection-conduction equation over the ice sheet thickness, where T is
temperature, 𝛼 is a constant thermal diffusivity of ice 1.1 ∗ 10!! 𝑚! 𝑠 !! , 𝑧 is the depth, 𝑣(𝑧, 𝑡) is
the vertical velocity, and 𝜙(𝑧, 𝑡) is the strain heating.

𝜕𝑇
𝜕!𝑇
𝜕𝑇
𝑧, 𝑡 = 𝛼 ! 𝑧, 𝑡 +
𝑧, 𝑡 𝑣 𝑧, 𝑡 + 𝜙 𝑧, 𝑡
𝜕𝑡
𝜕𝑧
𝜕𝑧

(1)

The surface boundary condition (𝑇!"#$ ) was prescribed as a Dirichlet boundary condition
that could be parameterized as a function of time.
𝑇 0, 𝑡 = 𝑇!"#$

(2)

The basal boundary condition solved the change in temperature at the bed where the
velocity is zero with 𝑞!"# a constant geothermal heat flux, 𝜌 the density of the ice 911 𝑘𝑔 𝑚!! ,
and c the specific heat of ice 2093 𝐽 𝑘𝑔!! 𝐾 !! ,

𝑇! 𝑧!"# , 𝑡 = 𝛼

𝑞!"#
𝜕!𝑇
𝑧!"# , 𝑡 + 𝜙 𝑧!"# −
!
𝜕𝑧
𝜌𝑐

(3)

The velocity is parameterized such that it varies with depth and the prescribed surface
boundary condition of accumulation rate A(t). The parameterization preserves the surface at a
fixed elevation and has a no flow boundary through the bottom of the domain. Equation 4 is
adapted from an analytical solution for vertical velocity using the shallow ice approximation and
an ice rheology parameter of 3 (Kingslake et al., 2014; Lliboutry, 1979).

𝑣 𝑧, 𝑡 = 𝐴 𝑡 ∗ 1 −

𝑧
𝑧!
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5 1 𝑧
−
4 4 𝑧!

!

(4)

!"

The strain heating term is related to the strain rate !" times the vertical stress. This
amounts to work per unit time on the ice, which is converted to thermal energy. 𝑔 is the
magnitude of the acceleration due to gravity of 9.81 𝑚 𝑠 !! . This flux is quite small, but with the
parameterization increases the steady state basal temperature by about 1∘ 𝐶.

𝜙 𝑧, 𝑡 = −

𝜕𝑣
𝑔𝑧
𝑧, 𝑡 ∗
𝜕𝑧
𝑐

𝜕𝑣
5
5 𝑧
=𝐴 𝑡 ∗ −
−
𝜕𝑧
4𝑧! 4𝑧! 𝑧!

(5)

!

(6)

Experiments were designed to illustrate the complexity of temperature and accumulation
interactions in driving warmer or colder ice to the bed. In each experiment, a fixed ice thickness
of 2025 m and a geothermal heat flux of 21 𝑚𝑊 𝑚!! were prescribed. These values roughly
reflect the current ice thickness and geothermal heat flux at Dye 3 (Dahl-Jensen and others,
1998; Greve, 2005).
To represent short-term climate changes, the accumulation and precipitation are
prescribed as follows.
𝐴 + 𝑝! ∗ sin!

𝜋
𝑡
𝜏

𝑇!"#$ + 𝑝! ∗ sin!

𝜋
𝑡
𝜏

(7)

(8)

Where A is the accumulation rate, 𝑝! is the accumulation perturbation size, 𝑝! is the
temperature perturbation size, is the length of the climate perturbation, and t is the time in years.
The experiments run demonstrate the difference between basal temperature responses
from temperature variability and ice advection variability. To illustrate this point, a steady state
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profile with 𝐴 = .49 𝑚 𝑦𝑟 !! and 𝑇!"#$ = −20.0∘ 𝐶, which are similar to current conditions at
Dye 3 (Dahl-Jensen and others, 1998), was prescribed a surface temperature forcing of
𝑝! = −1∘ 𝐶 , and the response of the basal temperature was tracked. The same is done with a
precipitation forcing of 𝑝! = .2 ∗ 𝐴. The two profiles produce similar magnitude changes to the
basal thermal state under the prescribed conditions, and can be easily compared. Secondary
experiments were run with the same size temperature and precipitation forcing as prescribed in
the comparison, but with the precipitation lagging the temperature forcing by 5000 years. This
was run with both a positive and negative precipitation forcing. The lagged precipitation forcing
of 5000 years was done to show how a later precipitation change affects temperatures that are
well embedded into the interior thermal state of the ice. This is also the amount of lag between
the end of the Holocene Climate Optimum and present day (Lecavalier and others, 2014).
1.4.2

1-D Model Results
Figure B-4a illustrates the different types of responses of the bed to short-term climate

and precipitation forcing. The response of the basal temperature to a temperature forcing, has
two main features. First, the magnitude is considerably damped from the amplitude of the surface
forcing. In this case it is slightly less than one tenth of the amplitude of the surface forcing. The
second thing to note is the timing of the signal. It has a noticeable, albeit small effect on the basal
temperature for many thousand years after the perturbation ends. The perturbation also does not
cause a noticeable effect to occur at the bed for several thousand years.
The accumulation response also does not have a huge effect on the basal temperature. For
the short term 20% increase, we see a decrease in temperature of around 𝑝! =. 12∘ 𝐶. The change
also causes several thousand years of noticeably warmer basal temperature, but in contrast with
the temperature perturbation, the effects at the bed are noticeable within a few hundred years.
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Figures B-4b and B-4c show how a locked in temperature response changes when there is
a delayed increase and decrease in surface precipitation. The main takeaway from these two
experiments is that a signal from a much later precipitation response can overwhelm a much
older temperature response currently in the ice sheet. In Figure B-4b, there is an apparent
amplification of the bed response when a precipitation anomaly is added, but ultimately response
at the bed isn’t a change in the shape of the temperature anomaly, but a combination of a
precipitation signal on top of the embedded temperature signal. Figure B-4c also shows this
point, but the reduction in precipitation shortens the period of warming at the bed and then
causes cooling. Once again it is not due to a change in the locked in temperature response, but
that the timing and magnitude of the precipitation response that overwhelms the temperature
signal.
The implications of these experiments, is that the actual temperature response is partially
a result of the past climate, but it is also the result of more current ice advection rates. This
motivates the idea that there could be no basal temperature response to a temperature
perturbation such as the Holocene Climate Optimum, given that there is a large enough increase
in ice advection around the time that the ice is approaching the bed.

18

(a)

(b)

c)
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Figure B-4: Response of the Basal Temperature to different temperature and precipitation
perturbations in the 1-D model. (a) Response of the Basal Temperature to a 𝑝! = −1∘ 𝐶 and
𝑝! = .2 ∗ 𝐴 (b) Response of the Basal Temperature to a 𝑝! = −1∘ 𝐶 5000 year lagged
𝑝! = .2 ∗ 𝐴 (c) Response of the Basal Temperature to a 𝑝! = −1∘ 𝐶 with a 5000 year lagged
𝑝! = −.2 ∗ 𝐴
1.4.3

1-D Model Shortcomings
There are several major shortcomings to this preliminary analysis. Firstly, since this is a

1D model it fails to give any intuition as to how these changes in basal temperature might move
the frozen/melted boundary. As a result, it is not clear whether a tenth of a degree in temperature
change could move the frozen melted boundary a considerable amount or if that is too small to
make a noticeable difference. Secondly, the vertical velocity is parameterized to immediately
accommodate a prescribed accumulation rate. This assumption prevents the ice thickness from
changing, and is a large simplification of how ice advects through an ice sheet. Third, the effects
of evolving frictional and strain heating fields as the ice surface evolves are not appreciable at
the divide, but are important in the energy balance near the frozen/melted boundary. These
shortcomings indicate that in order to more fully understand how the frozen/melted boundary
will respond to future climate change, up scaling to a 2D model with more refined ice physics is
warranted.
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2. Manuscript
2.1

Introduction
As ice formed at the cold interior of the Greenland ice sheet (GrIS) flows to the margins, it

exchanges energy with surrounding ice and the underlying bedrock, and it undergoes heating as
it deforms and generates friction at the basal boundary. The resulting thermal pattern has the
central core of GrIS mainly frozen to its bed, and the basal boundary across the outer flanks at
the pressure melting point of ice (MacGregor and others, 2016). The onset of continuously
melted bed conditions along a flowline has been termed the frozen/melted boundary (Brinkerhoff
and others, 2011).
The frozen/melted boundary signifies the initiation of melting basal ice, and therefore a
transition point on the flowline to basal processes involving liquid water. Melted bed conditions
are necessary for recharge of groundwater systems (e.g. Flowers, 2015) such that the areal
distribution of melted ice sheet bed governs regional hydrologic processes in the terrestrial and
marine areas adjacent to the ice sheet (DeFoor and others, 2011). The production of basal melt
water is a critical driver of reduced basal traction and enhanced rates of basal sliding (Zwally and
others, 2002; Parizek and Alley, 2004). Consequently, regions of the ice sheet with melted bed
generally have higher velocities (MacGregor and others, 2016) and therefore greater advection of
ice to the margins of the ice sheet, where mass is lost via marine calving or melting in warmer
temperatures.
Both climate and Greenland’s ice sheet geometry have varied substantially since the Last
Glacial Maximum (Lecavalier and others, 2014). In the Kangerlussuaq sector, the GrIS was
advanced about 100 km west of its current boundary, reflecting a colder historical climate
(Lecavalier and others, 2014; Briner and others, 2016; Young and others, 2020). While the ice
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formed at the divide over the Holocene period has yet to flow across the profile from divide-tomargin (Dahl-Jensen and others, 1998), the ice thickness and surface slope of the ice sheet have
changed commensurate with the one quarter reduction in length that has taken place (Lecavalier
and others, 2014). However, the contemporaneous evolution of the frozen and melted fractions
of the bed (i.e., migration of the frozen/melted boundary) remains unclear.
Modeling is the most applicable tool for investigating the evolution the basal thermal
state of western GrIS during Holocene retreat. At the short century time scale, modeling suggests
that partitioning between frozen/melted fractions of the bed is highly stable to climate and
geometric perturbations (Seroussi and others, 2013). However, models run over ice age cycles,
which necessarily employ simplified model physics and course resolution, suggest considerable
change in the basal thermal state over this longer time scale (Huybrechts, 1996; Marshall and
Clark, 2002). The transient behavior of the bed temperature results from complicated interaction
of surface mass balance (which impacts the flow field) and historical surface temperatures.
Results are also highly sensitive to prescribed geothermal heat flux (Greve and Hutter, 1995;
Brinkerhoff and others, 2011).
Here we explore the migration of frozen/melted conditions in western GrIS over a 11 kyr
period of Holocene ice sheet retreat in western GrIS. Prior work has shown that simulations of
Holocene retreat across western GrIS are strongly influenced by model resolution in places with
rougher and more complex bed topography (Cuzzone and others, 2019). Because the outer flanks
of western GrIS contain numerous deep and steep sided subglacial troughs, we focus our
investigation on a single flowline transect so that we can employ high time/space resolution in
our model. Our transient model includes higher order stresses, a well-informed paleoclimate,
thermally active bedrock, and honors previously published records of terminus retreat. We track
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the constitutive components of the basal heat budget during the transient simulation to isolate the
energy sources and sinks associated with migration of frozen/melted bed conditions. The aim of
this profile-specific study is to elucidate the changes in the thermal state of the bed during an
important period of ice sheet retreat; changes with implications for hydrologic and ice dynamics
processes.
2.2
2.2.1

Methods
Study Transect
We focus our work on an ice flow line located in the land terminating portion of western

GrIS (Figure 1). This flow line allows us to leverage important constraints on our simulations,
including reconstructions of past regional climate (Buizert and others, 2018; Downs and others,
2020), detailed basal topography (Morlighem and others, 2017), and observational knowledge of
bedrock heat flux (Meierbachtol and others, 2015). The latter is rare for Greenland, offered here
by temperature measurements in a bedrock borehole extending under the current ice margin
(Claesson Liljedahl and others, 2016).
Detailed chronologies of Holocene ice margin retreat have been established for this sector
of the ice sheet based on glacial geologic evidence with 10Be and 14C age dating (Briner and
others, 2016; Young and others, 2020; Lesnek and others, 2020). The ice margin retreated most
rapidly during the first half of the last 11 kyr. Glacial geologic evidence suggests the ice
retreated an unknown distance beyond its modern extent, and then readvanced (van Tatenhove
and others, 1996). Models run at the ice sheet and ice age scales suggest the retreat was many
10s of km beyond the current margin in this area of GrIS (Simpson and others, 2009; Lecavalier
and others, 2014). Downs and others (2020) conducted a focused study of this sector,
incorporating the glacial record and ice core climate data into an inverse model to solve for

23

climate forcing and ice margin changes. This work shows the minimum ice terminus position
during the last 10 kyr likely less than 9 km behind the modern position. However, since the
model inversion is based on the most detailed measurements available for this sector of GrIS,
and there are no constraints on the terminus position between 7 kyr and present when the ice
sheet may have retreated beyond its modern position. As a result, the predictions from the
inverse model are limited during this time period. Since our approach here is to closely honor the
climate and terminus records from Downs’ and others (2020) study, this limitation is carried
through into this work.
2.2.2

Ice Sheet and Bedrock Model
We use a thermally active flowline model with a 2-D incompressible Stokes’ ice flow

solution. The surface of the flowline is dynamically updated according to a surface kinematic
boundary condition. Coupled solutions for ice flow, temperature, and ice surface elevation are
performed using the finite element software Elmer/Ice (Gagliardini and others, 2013). A list of
physical parameters used in the model can be found in Table 1.
A flowline model allows for1 km horizontal resolution over the entire domain, with
manageable computational costs. The domain is split vertically into two subdomains representing
ice and thermally active bedrock (Figure 1). The thermally active bedrock includes five static
vertical layers that extend from the ice sheet bed to 3 km below sea level. The ice domain has 10
dynamically rescaled vertical layers between the ice sheet bed and the ice sheet surface.
Simulations are run at 1 yr time steps for a duration of 11.4 kyr.
2.2.2.1 Ice Flow By Sliding

24

We adopt a standard viscous linear sliding law, commonly employed in modeling studies
(e.g. Cuzzone et al., 2019; Larour et al., 2014; Seroussi et al., 2013) and used for this flowline by
Downs et al. (2020):
𝜏! = 𝛽 ! 𝑁𝑢!

(1)

In this relation, the basal shear stress 𝜏! is proportional to the sliding speed 𝑢! via 𝑁, the
effective pressure, and 𝛽 ! , a constant basal traction parameter. Water pressure is assumed to be a
constant fraction of ice overburden pressure 𝑃! , taken to be 15% of overburden based on
observational constraints of basal water pressure (Wright and others, 2016).
𝑁 = 𝑃! − .85𝑃!

(2)

𝛽 ! was found by minimizing the misfit between modeled and observed surface velocities
(Downs and others, 2020) of the present-day flowline data from Mouginot and others (2017). As
in Downs and others (2020) we assume the field is unchanging in time along the transect;
however dynamics in basal traction are included through the effective pressure, which is linearly
proportional to ice thickness.
2.2.2.2 Ice Surface Evolution
The change in the surface of the ice sheet follows
𝜕𝑧!
𝜕𝑧!
+ 𝑢!
− 𝑢! = 𝑎!
𝜕𝑡
𝜕𝑥

(3)

Where 𝑧! is the ice surface elevation, 𝑢! and 𝑢! are the horizontal and vertical velocity at
the surface of the ice sheet from the solution of Stokes’ equation, and 𝑎! is the net
accumulation/ablation at the surface. A positive degree day model is used to determine 𝑎! , which
is described in more detail in section 2.2.5.
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After solving equation 3 at each time step, the vertical coordinates of the ice sheet are
projected to the new ice sheet surface. However, we also include a thermally active bedrock
layer in our model domain (Section 2.2.4) and this mapping does not occur in that layer.
Consequently, a mask was applied to the thermally active bedrock layer while projecting the
vertical coordinate of the ice in order to achieve model convergence in Elmer/Ice. Isostatic
adjustments to ice and bedrock elevations were not included in this effort, but their potential
consequences in this region, and on this timescale are discussed in Downs and others (2020).
2.2.2.3 Ice Sheet Temperature
Ice sheet temperatures are solved using the standard heat equation (Gagliardini and
others, 2013). This accounts for both advection and conduction of energy within the ice sheet.
Additional heat sources from strain heating and frictional heating are also present in the model.
The bottom of the ice is thermally coupled to the bedrock (see 2.2.4) and temperatures at the
surface of the ice sheet are described by
𝑇!"#$ 𝑡 = 𝑇! + 𝛥𝑇 𝑡 + 𝛼 𝑆 𝑡 − 𝑆!

(4)

𝑇! is the modern surface temperature along the flowline based on a 30-year average of data from
Box (2013). 𝛥𝑇 𝑡 is the local temperature anomaly along the flow line as a function of time.
Temperature anomaly data are obtained from monthly climate reconstructions from Buizert and
!∘ !

others (2018), and a lapse rate, 𝛼, of !" (Abe-Ouchi and others, 2007) is used. The surface
elevation at the current time step of the model is 𝑆 𝑡 , and the modern surface elevation of the
ice sheet is 𝑆! .
2.2.2.4 Thermally Active Bedrock

26

We used high resolution topography of the ice sheet bed from Morlighem and others
(2017), and a bedrock layer that is 3000 m thick. Temperature evolution within the bedrock is
described using the conductive heat equation. The top of the bedrock is thermally coupled to the
base of the ice sheet, and the heat flow in the bedrock at this interface is referred to here as the
‘bedrock heat flux’. A spatially constant ‘deep geothermal heat flux’, is prescribed at the bottom
of the thermally active bedrock layer. Observational constraints near the flowline terminus show
the bedrock heat flux to be approximately 27 𝑚𝑊/𝑚! (Claesson Liljedahl and others 2016), but
bedrock heat flux values are potentially higher in the ice sheet interior (Meierbachtol and others,
2015). We apply a deep geothermal flux value of 30 𝑚𝑊/𝑚! in our simulations to more closely
reflect the average bedrock heat flux along the flowline.
We recognize that as the bedrock heat flux evolves with the ice sheet, inconsistencies
could arise between the bedrock heat flux at present-day produced by the model, and present-day
measurements in southwestern Greenland. Lacking a constrained record of the long-term thermal
evolution of the bedrock layer, starting the simulation with an ice/bedrock interface similar to
recent observations was the favorable choice. Further, the common alternative approach of using
data from maps (e.g. Shapiro and Ritzwoller, 2004), which tend to overestimate deep geothermal
heat flux in this region (Rogozhina and others, 2012), and do not necessarily represent the initial
bedrock heat flux at the ice interface, would lead to much larger inconsistencies between the
current and measured bedrock heat flux (see section 4.1). To address the uncertainty in the deep
geothermal heat flux and inform up scaling of our results to other regions of the ice sheet, we
performed an analysis of the sensitivity of the model to different values of the deep geothermal
heat flux.
2.2.2.5 Surface Mass Balance
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Surface mass balance is calculated using a positive degree-day model adapted from
Downs et al. (2020) and is based on Jóhannesson et al. (1995). The precipitation at a given time,
𝑃 𝑡 , is found using

𝑃 𝑡 = 𝑃! exp 𝜆! 𝑇!"#$ (𝑡) − 𝑇!

(5)

+ 𝛥𝑃(𝑡)

Where 𝑃! is the modern precipitation from a 30 year modern average along the flowline (Box,
2013). A precipitation parameter, 𝜆! , translates to a change in precipitation of 7% per degree K.
𝑇!"#$ (𝑡) is the surface temperature at time t calculated using equation (4), and 𝛥𝑃(𝑡) is a local,
time-dependent precipitation anomaly.
Precipitation and positive degree days for the positive degree day model were calculated
for each month of the year (Jóhannesson and others, 1995). To account for melting
corresponding to positive degree days, ice covered surfaces melt at a rate of 8
snowpack melts at a rate of 5

!!".!.
˚! !"#

!!".!.
˚! !"#

, and

. Snow in the model initially melts and then refreezes

forming ice in the snowpack. Once the ice fraction in the snowpack reaches 60%, all additional
melt becomes runoff.
In order to produce a retreat that is consistent with the retreat of the flowline, we used a
𝛥𝑃(𝑡) that was an adjusted version of the for the northern flowline in Downs and others (2020).
An adjustment of +0.1

! !.!.
!"

was added to account for differences in the initialization procedure

and slight differences between the bed topography data used in this model and in Downs and
others (2020). This adjustment allowed for a good match of the retreat pattern and modern
terminus position for the flow line, with an observationally-constrained climate.
2.2.3

Initialization
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The model was initialized in three steps. First, a steady state simulation was run with an
initial ice sheet surface. This provided a reasonable starting point for the interior temperature
state and aided convergence in subsequent transient runs. Second, a transient simulation was run
using the steady state model output as the initial condition. The 𝛥𝑃 was held constant
at 0.46

!.!.!
!"

and 𝛥𝑇 was fixed, at the initial time step. This second initialization step allowed for

the ice sheet surface to relax into a near steady state flow configuration with a terminus that
matched the observed constraints of terminus position at 11.4 kyr BP (Young and others, 2020).
This relaxation eliminated all large transients and was found to require 3 thousand years. Third, a
secondary steady state temperature simulation initialized with the relaxed ice sheet was run. This
adjusted the interior temperature of the ice sheet to as close to steady state as possible.

2.2.4

Energy Balance Near FMB
To evaluate the influence of individual components of the energy budget on migration of

the frozen/melted boundary, we monitor the heat fluxes due to various processes in and out of a
small reference volume of 1 𝑚! at two observation points on the bed. One point is located at 178
km from the ice divide, at a location that is overrun by migration of the frozen/melted boundary.
Once the point warms to the pressure melting point (PMP), our methodology described below for
partitioning the components of the energy budget no longer apply. Thus, we evaluate a second
point located 160 km from the ice divide, 11 km closer to the divide than the final position of the
frozen/melted boundary. This point is not affected by the discontinuity in the temperature field at
the frozen/melted boundary, but is near enough to the frozen/melted boundary that the
documented changes in the processes contributing to the basal energy budget are relevant to the
establishment of melted conditions over the full simulation period.

29

We partition the energy budget into five sources and sinks: vertical exchanges of energy
from conduction within the ice, vertical exchanges of energy from conduction within the
bedrock, strain heating, frictional heat produced at the bed, and fluxes of energy from the
advection of ice along the bed.
Bedrock and ice energy conduction can be approximated using Fourier’s law of thermal
conduction,
𝛥𝑇
(6)
𝛥𝑧
!"
where q is the heat flux, k is the thermal conductivity, and !" is the temperature gradient. At the
𝑞 = −𝑘

bed, horizontal temperature gradients are exceedingly small and do not contribute significantly to
the energy budget. For this reason, only the vertical heat flux in the ice is computed.
Frictional heating and strain heating at the bed is output directly by the Elmer/Ice model.
Strain heating is output as a volume source, and as such is integrated along the vertical axis for
consistency in units. Since the reference volume is small, the amount of strain heating at the bed
is also small compared to the frictional heating at the bed.
The final flux of energy is from the advection of the ice. Since ice cannot flow into the
bed, vertical velocities near the bed are exceedingly small, and thus vertical energy fluxes from
advection do not play a significant role in the energy balance. This leaves the horizontal
advection of energy at the bed, which can be found using the observed temperature
change. Because the time change in temperature at the bed is output from the model, we can
approximate the total energy delivered to the reference volume on the bed, Q, between time steps
using
𝑄 = 𝑐𝜌𝑉𝛥𝑇
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(7)

where c is the specific heat of the ice, V is the volume of the reference volume, 𝜌 is the density
of the ice, and 𝛥𝑇 is the temperature change over the model time step. Q can also be
approximated by summing up the different energy sources integrated over time and space. We
assume that each of the individual fluxes (i) is constant over a time step, which gives
!

𝑄=

(8)
𝑞! 𝐴𝛥𝑡

where 𝑞! is the energy flux, A is the area of the flux surface, and 𝛥𝑡 is the time step.
Since each 𝑞! is accounted for except for the flux from horizontal ice advection, we can equate
equations 7 and 8 in order to quantify this flux.

2.3
2.3.1

Results
Geometry and Ice Flow
Our transient simulation produced a terminus retreat pattern consistent with Downs and

others (2020) and also resulted in a good match to the modern day flowline geometry with a
terminus position around 300 km from the ice divide (supplementary information, figure SI-3).
The majority of the retreat along this flowline occurs between 11.4 and 8.2 kyr BP.
Subsequently, the flowline experiences minor variation in terminus position of less than 10 km
(Figure 2).
Ice thinning across the profile is most substantial during the initial phase of retreat, but
thinning continues throughout the simulation period. The region extending from the ice divide to
the frozen/melted boundary area thins by 600 to 700 m (Figure 3). As the ice margin initially
retreats between 11.4 - 8.7 kyr BP, the surface slope increases across the profile. Consequently,
the driving stress at our 178 km reference point increases by almost 15% during this time,
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despite thinning ice (Figure 4). With enhanced driving stress, ice speed similarly increases, but
not in a simple 1:1 fashion. The driving stress peaks at about 8.7 ky BP, whereas the speed peaks
later at about 1200 years later. Peak speeds are approximately 50% greater than the initial values.
A detailed analysis of the sensitivity of our model to bed roughness showed that our
results are highly altered if the bed is flat, but are rather insensitive to varying levels of bed
undulations given consistent flowline scale topography (supplementary information, figs SI-1.1,
SI-1.2). Thus, any potential errors in the Morlighem and others (2017) representation of the bed
topography do not appear important to our results.
2.3.2

Thermally Active Bedrock
The bedrock layer beneath the ice sheet is potentially a large sink for energy, with

subfreezing temperatures penetrating up to 2 kilometers into the bedrock (Figure 3). The impact
of bedrock is demonstrated by a comparison between model runs performed with and without
thermally active bedrock. At the end of the simulation period, ice in the model domain had
warmed, but the ice between the divide and the frozen/melted boundary was 1-2 K colder when
thermally active bedrock is present (Figure 5a). However, within several 10s of km of the divide
where near-vertical ice flow brings cold to the bed, the increased flow speed advected more cold
to the bed between about 9.4 and 3.4 kyr BP (Figure 6). In this case, the thermally active bedrock
acted as a sink for the added cold content (or a heat source), which caused the ice to be 0.3 K
warmer than model runs without a thermally active bedrock layer. Thus, the dampening effect of
the thermally active bedrock significantly reduces the magnitude of basal temperature change in
our model irrespective of sign, and is therefore an essential aspect of the transient behavior of the
basal thermal state.
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2.3.3

Temperature Evolution
The bed within about 100 km of the divide cools slightly or has little change in

temperature between 11.4 and 6.4 kyr BP, and then warms continuously from 6.4 kyr BP until
present (Figure 6). Ice temperature evolution in this region reflects changes in the ice flow field
and the increasing temperature of the ice surface as climate warms and surface elevation drops.
The bed in this region experienced a net temperature increase over the 11 kyr of 1 to 1.5 K.
Further from the divide, the remaining frozen bed warms over the entire simulation, with most of
the warming between 11.4 and 8.4 kyr BP. The net temperature increase of the bed in this region
is 1.5 K to 3 K.
The frozen/melted boundary began migrating at 10.4 kyr BP, several hundred years after
terminus retreat. The frozen/melted boundary, initially at ~188 km from the divide, migrated
inward 16 km between 11.4 and 6.4 kyr BP, and then stabilized between 171 and 172 km for the
remainder of the simulation. Whereas the ice margin retreated ~100 km, the inward migration of
the frozen/melted boundary was just 16 km (Figure 2).
Ice thinning associated with retreat caused an increase of the pressure melting point
across the area near the frozen/melted boundary of 0.6 to 0.7 K, further restricting basal melting
and migration of the frozen/melted boundary. The increase of the pressure melting point results
in approximately 3 km less retreat of the frozen/melted boundary (Figure 5b), which is
approximately 20% of the total movement of the frozen/melted boundary. Thus, adjustment of
the pressure melting point is an important factor in frozen/melted boundary migration during an
ice sheet retreat and thinning but not a primary driver of changes in the frozen/melted boundary
location.
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Sensitivity experiments with different deep geothermal heat flux prescriptions illustrate
the changing sensitivity of frozen/melted boundary migration to the initial frozen/melted
boundary location (Table 2, Figures SI-2.1-SI-2.6). Simulations with increased deep geothermal
heat flux (relative to our observed constraint) indicate an frozen/melted boundary position that is
initially located closer to the ice divide. Frozen/Melted boundary migration is directly linked to
its initial location. Net migration distances decrease when the initial frozen/melted boundary
location is closer to the ice divide, and under the highest prescribed deep geothermal heat flux,
the frozen/melted boundary actually temporarily advances towards the ice margin.
2.3.4

Bed Energy Budget
The bed reference point at 178 km is overrun by the inward-migrating frozen/melted

boundary at 8.2 kyr BP. Individual heat fluxes at this point demonstrate the evolving heat
balance at the bed associated with frozen/melted boundary migration (Figure 7a-d). Nearly all of
the warming at the 178 km point, a full 2 K, occurs during the ~1900 years after 10.3 kyr BP.
The warming begins just after the frozen/melted boundary, initially 10 km down flow from the
observation point, begins to migrate toward the divide. During the bed warming episode, both
negative and positive heat fluxes become elevated. Most substantial are the increases in frictional
and strain heating, which warm the bed by increasing ~80% and 150%, respectively. Conversely,
greater ice flow speed associated with terminus retreat drives enhanced advective fluxes of heat
away from the bed. This also increases conductive heat loss to cold overlying ice. And, the
bedrock heat flux declines as the bed warms. The changes in bedrock and ice conduction
naturally lag the changes in the other heat sources and sinks because these processes are driven
by bed temperature. Despite decreasing heat flux from the underlying bedrock as the bed
temperature increases, and increasing fluxes of heat away from the bed from advection and ice
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conduction, the energy balance remains positive and eventually the ice at the observation point
begins to melt. Upon melting of the 178 km observation point, our gradient based methods for
computing individual heat fluxes are no longer applicable.
The 160 km point offers insights into changes in basal heat balance near the
frozen/melted boundary over the full simulation period. The 160 km point demonstrates a similar
energy balance to that at 178 km for the period of overlap, but the individual fluxes from friction
and ice conduction are slightly larger in magnitude at the 178 km location (Figure 7e-h). After
migration of the frozen/melted boundary stabilizes around 6.6 kyr BP, the 160 km point
experiences small and continuous warming as the result of a slightly positive net heat flux, not
exceeding 1𝑥10!!

!"
!!

. The larger heat fluxes decrease in magnitude by 22-44

!"
!!

except for the

bedrock heat flux, which remains roughly constant. The temperature increase of a few tenths of a
degree is balanced by the increasing pressure melting point as ice thins, preventing any further
migration of the frozen/melted boundary.
At the profile scale, the bed-warming resulting from driving stress and velocity changes
during retreat vary substantially over the profile (Figure 8). Within about 100 km of the ice
divide, the zone with a fully frozen bed, driving stress is small and any changes in surface slope
are relatively balanced by thinning ice such that the driving stress is nearly constant over the
simulation period. As a result, there are minimal changes to the frictional or strain heat fluxes.
Beyond about 100 km, the frictional and strain heat fluxes begin to increase. The driving stress
of the profile in this region also increases and, most notably, increases with time as the ice sheet
retreats. Consequently, heat generation at the bed from frictional and strain processes also
increases in this region, resulting in frozen/melted boundary migration.

35

2.4
2.4.1

Discussion
Model Shortcomings
Interpretation of our results requires consideration of the modeling approach and key

assumptions we have made. To start, we point to the inherent limitations of a flow line model.
Surface velocity vectors in this region of the ice sheet exhibit relatively simple flow from divideto-margin, with no strong points of convergence to outlets and no fast-flow areas. While this
supports fidelity of our flow line model, the frictional heating may be imprecisely estimated
where ice is forced over bedrock features with no ability for flow around features. Further, we
have not represented complex ice flow over roughness features at the sub-1 km scale of our grid.
We believe this is most problematic in high friction areas of the melted zone, but our frictional
heat term must be interpreted in this context.
The spin-up and relaxation method we follow has eliminated transients in the geometry,
temperature, and flow fields at the start of the model run. Nevertheless, these fields are assumed
to be in steady state at the start of the model run. While work from Lecavalier and others (2014)
suggests there is a relatively stable terminus position from ~16-12 kyr BP, this does not
necessarily correspond to steady-state temperature, flow, or even geometric conditions. This is
an acknowledged shortcoming, necessary because we require initial conditions. As a result, the
frozen/melted boundary at the start of our run may not be accurately located. We note that our
objective here is to examine change in the frozen/melted boundary over time, and we see no
reason why the spin up procedure would alter the driving processes behind frozen/melted
boundary migration.
Our model assumes a well-drained bed, meaning that any melt water produced is
instantly drained away such that water effects do not impact the basal heat balance. Our focus
here is on delineating where the bed is frozen vs melted, not necessarily capturing the full suite
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of physical processes of the melted regions. However, at the sub-grid scale transition from frozen
to melted, our assumption would fail to capture potential circumstances where ice melts and
refreezes. Unfortunately, we lack observational constraint on detailed bed conditions around
frozen/melted transition zones. Further downstream, the radiostratigraphy lacks plume structures
associated with large scale and widespread basal freeze on (Florentine and others, 2018).
Prescription of deep geothermal heat flux is based on measurements in the uppermost 500
m of the bedrock, but we then prescribe this deep geothermal heat flux at the base of our model
domain. In this way the spin up achieves the proper bedrock heat flux to the base of the ice.
However, the bedrock heat flux at the ice/bed boundary is prone to variation with time as
changing ice cold content is conducted into the underlying bedrock. Thus, the modeled bedrock
heat flux at the ice/bed boundary may differ from measurement. Our simulation results show
that, at the location of the bedrock heat flux measurements near the terminus, the simulated
bedrock heat flux varies from 27 – 31 mW/m2, and so our prescribed deep geothermal heat flux
may reduce geothermal heat fluxes by as much as up to 10%. This impacts the certainty with
which we report the frozen/melted boundary migration, as our sensitivity analyses show that
frozen/melted boundary migration is dependent on the initial location of the frozen - melted
transition. However, importantly, our suite of simulations based on variations to the prescribed
deep geothermal heat flux illustrate that the low frozen/melted boundary migration distances we
present are likely to be even lower if our prescribed deep geothermal heat flux were higher.
The sliding relation used in this work inverts modern observations of ice velocity to
determine value of 𝛽 ! . While the sliding relation is time dependent due to the effective pressure
term, the static value of 𝛽 ! means that sliding velocities may not generalize for the entire period
simulated. However, the lack of a generalized sliding law for glaciology leads us to favor our
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approach over ad-hoc methods that trigger sliding based on the basal thermal state of the
ice sheet, require extensive tuning, and often result in a large misfit between simulated and
modern ice thicknesses (Martin and others, 2011). In spite of our sliding relation, the history of
ice sheet extent matches observations, and our ice thicknesses are consistent with that extent.
2.4.2

Frozen/Melted Boundary Migration
During a period in which the ice margin retreated ~100 km, our simulations show a far

smaller migration of the frozen/melted boundary of just ~16 km. Thus, as the divide-to-margin
distance shortened from 400 to 300 km, the fraction of the profile experiencing frozen conditions
at the bed actually increased by about 10%. The implication of this slow migration of the
frozen/melted boundary during ice sheet retreat is that the ice sheet forcing on hydrologic
systems does not scale constantly with ice sheet size. Comparison of this finding with prior
modeling efforts is difficult because of dissimilarities in modeling approaches and scales.
Huybrechts (1996) modeled the GrIS over ice age cycles, and reported that the GrIS-wide frozen
fraction decreased by less than a few percent over the last 10 kyr. While the sign is opposite of
ours (the frozen fraction decreased) the result agrees in that a relatively large change in ice sheet
area was accompanied by a small change in frozen fraction. Elsewhere, Marshall and Clark
(2002) showed that geometric changes on the Laurentide ice sheet during the build up to and
retreat after the LGM resulted in large increases and decreases in the frozen fraction at the ice
bed. The scale of ice sheet change in these simulations is much larger than the retreat we
simulate in western GrIS, but underscore the complexity of heat transfer processes at the ice bed
in response to changing ice geometry.
The bedrock acts as an effective heat sink in our transient model, dampening the impact
of thermal perturbations from climate as they move across the bed. Although not all ice sheet
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modeling studies have employed a thermally active bedrock layer (Larour and others, 2012;
Seddik and others, 2012; Wang and others, 2012), we are not the first to incorporate this feature
(Greve and others, 2011; Aschwanden and others, 2012; Rogozhina and others, 2012). In our
case, the deep geothermal heat flux is a constant value which continuously warms the ice over
the time scales we simulate. However, because the ice is far colder than the bedrock, a slight
increase in the ice temperature initially flattens the temperature gradient in the bedrock, reducing
the bedrock heat flux at the ice/bed boundary until the bedrock temperature profile warms to the
new temperature. Our reference point experiences a 10 mW/m2 reduction in heat flux from the
bedrock as the ice warms over the simulation period. The thermal disturbance in bedrock extends
around 1 kilometer and the timescale of full recovery is longer than our simulation period. Thus,
much of the heat from the warming climate over our simulation time scale is diverted into
warming the bedrock rather than melting more of the bed.
Dissecting the primary controls on the heat balance at our reference point 11 km inward
from the frozen/melted boundary reveals a close balance of competing processes. The
conduction away from the bed to cold overlying ice is effective at cooling the bed, nearly
balancing the heat generated from friction. A consequence is that despite the fact that the strain
heating at the bed is trivially small (1/500th of the frictional term), the sign of the heat balance is
heavily influenced by this term. Taken together, changes in the frictional and strain heat sources
through time are first order controls on the basal heat balance. Both of these processes are
strongly dependent on the ice sheet driving stress. Our simulations show that the driving stress
sensitivity to ice sheet geometry change increases away from the ice divide. Thus frictional and
strain heat processes are also more prone to enhancement in response to ice sheet steepening,
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resulting in a variable sensitivity of frozen/melted boundary migration to ice sheet change,
depending on it's location relative to ice divide.
The deep geothermal heat flux in our study domain is relatively well constrained by
direct observations, and is lower in magnitude than elsewhere in Greenland as represented by
commonly referenced maps (Shapiro and Ritzwoller, 2004). The frozen/melted boundary in our
simulations is positioned outward from the divide by the lower deep geothermal heat flux, and as
noted above, our model assumptions and spin up procedure may not precisely locate its position.
Nevertheless, the processes we observe in our simulations should apply to our transect and
elsewhere in Greenland: 1) antecedent cold content in the bedrock acts to buffer migration of the
frozen/melted boundary as climate warms; and, 2) the further the frozen/melted boundary is from
the divide, the more its migration is enhanced by ice geometry changes. Current consensus
shows that the location of the frozen/melted boundary, relative to the ice divide, is highly
variable around the GrIS (MacGregor and others, 2016). Our findings thus imply that past and
future rates of migration of frozen and melted conditions along the ice sheet bed are likely to
vary around the ice sheet and cannot be extrapolated based on a single study transect or ice
sheet-wide integration.
2.5

Conclusions
Our transient and thermo-mechanically coupled model with thermally active bedrock

simulates the last 11.4 kyr along a flowline in western Greenland ice sheet, with constraints
provided by prior work on ice margin chronology and climate forcing. Results suggest that
during the period, the ice margin retreated about seven times more than the subglacial boundary
between frozen and melted bed conditions. Partitioning the transient heat balance into constituent
components reveals the processes driving thermal evolution of the bed as climate warmed and
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the ice margin retreated ~100 km. The thermally active bedrock layer acted as a heat sink,
reducing temperature changes in the frozen region of the ice sheet by 1-2 K. The 16 km retreat of
the frozen area was driven by enhanced frictional and strain heating fields associated with
margin retreat and steeping surface slopes toward the ice margin. Our results from this transect
imply the migration rate of frozen/melted boundaries is not directly proportional to change in ice
extent, and is a function of the thermal state of the bedrock and changes in geometry, which can
be highly variable in time and space. The interaction between the ice sheet’s basal thermal
regime and the basal traction was not explored in the work, and may play a role in the migration
of the FMB.

Figure 1: Ice Sheet and bedrock model domains. Initial and final ice sheet geometries are shown
in blue. Dashed lines demarcate all mesh nodes, and solid vertical lines indicate every tenth mesh
node. Flowline location in western Greenland is shown in the inset.
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Figure 2: Location of the terminus and FMB over the course of the simulation, plotted on the
same time scale to highlight the correlation between terminus and FMB movement. Note that the
terminus position scale (right y axis) varies about 10 times more than the FMB position (left y
axis).
Description
Symbol
Value
!
Basal Traction
𝛽
3.5×10!!"
Precipitation parameter
𝜆!
7 × 10!!
Density Ice
𝜌!
910
Heat Capacity Ice
𝑐!
146.3 + (7.253× 𝑇)
Heat Conductivity Ice
𝑘!
9.828 exp −5.7×10!! ×𝑇
Density Rock
𝜌!
3300
Heat Capacity Rock
𝑐!
1000
Heat Conductivity Rock
𝑘!
3.3
Lapse Rate
𝛼
5
Depth of Bedrock Base
−
3
Geothermal Heat Flux
𝑄!"#
30
Table 1: List of physical parameters used in the model.
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Units
𝑠 𝑃𝑎!!
𝑚 𝑤. 𝑒. 𝐾 !! 𝑑 !!
𝑘𝑔 𝑚!!
𝐽 𝑘𝑔!! 𝐾 !!
𝑊 𝑚!! 𝐾 !!
𝑘𝑔 𝑚!!
𝐽 𝑘𝑔!! 𝐾 !!
𝑊 𝑚!! 𝐾 !!
𝐶 𝑘𝑚!!
𝑘𝑚
𝑚𝑊 𝑚!!
!!

Figure 3: Simulated temperature of ice and bedrock at the end of the 11.4 kyr transient run. The
movement of the ice sheet surface is illustrated by light blue lines, and dotted and dashed lines
indicate the initial and final position of the ice surface respectively. The solid red line represents
the range of FMB positions. The black arrows indicate the location of the temperature
observation points.

Figure 4: Evolution of the driving stress and ice speed at the 178 km point. Note that initial
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increases in driving stress are necessarily the result of steepening surface slopes, since the ice
thickness is decreasing throughout the simulation.

Figure 5: Initial (dotted) and final (solid) basal temperature with (blue) and without (orange)
thermally active bedrock present for locations within 190 km of the ice divide. Red lines indicate
initial (dotted) and final (solid) pressure melting points. Inset indicates the FMB movement that
occurs when (a) thermally active bedrock is removed, (b) pressure melting point is kept at the
initial value, (c) when thermally active bedrock is present. (c) is the most realistic scenario and is
used in all other plots.
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Figure 6: Basal temperature (a) and change in temperature from initial basal temperature (b)
along the retreating ice sheet transect. The dotted orange line highlights the terminus position,
and the dotted blue line indicates the FMB position.
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Figure 7: Heat sinks (a, e), heat sources (b, f), net heat flux (c, g), and temperature at the
observation point (red), and FMB position (purple) (d, h) during the simulation. Panels (a-d)
refer to bed conditions at a point 178 km from the divide, and panels (e-h) refer to conditions at a
point 160 km from the divide.
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Figure 8: Driving stress (a), friction (b), and strain heating (c) during the simulation from the ice
divide to 2 km past the initial FMB location. Profiles are displayed at 11.4, 9.9, 8.4, and 0 kyr
BP. The colored diamonds show the FMB location at the respective times during the retreat of
the FMB.
Initial FMB Position
Net FMB Movement
𝑸𝒈𝒆𝒐
𝑚𝑊
188 𝑘𝑚
−16 𝑘𝑚
30 !
𝑚
𝑚𝑊
158 𝑘𝑚
−8 𝑘𝑚
50 !
𝑚
𝑚𝑊
122 𝑘𝑚
−2 𝑘𝑚
70 !
𝑚
𝑚𝑊
86 𝑘𝑚
+4 𝑘𝑚
80 !
𝑚
Table 2: Initial FMB positions and Net FMB movement for a large range of geothermal heat
flux values (𝑄!"# ).
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3. Supplementary Information
3.1

Sensitivity of FMB evolution to Basal Topography
In order to assess the sensitivity of the model solution to the prescribed basal topography,

we developed 3 additional topographic configurations. The naming scheme established here for
each of the configurations (Figure SI-1.1). The bed configurations are as follows:
a) Bedmachine. This bed is a realistic flowline configuration using bedmachine data. This is the
configuration used in the paper.

b) Flat. This bed contained no topography, and the elevation of the bed was set at
sea level. This scenario shows the evolution of the basal thermal state in the absence
of topography.

c) Smooth. This bed used polynomial for the bed topography. This model run was
intended to see if the removal of any bedrock roughness significantly affects the
solution. The smooth scenario topography was constructed by fitting a high order
polynomial to the GrIS bed data. This fit to the GrIS data allows for the large-scale
features to be consistent between the model scenarios.

d) Sinusoidal. This bed included a 20 m amplitude sinusoidal signal superimposed
on top of the smooth scenario topography. The addition of repetitive small-scale
topography was added to see if a having reasonably sized but incorrectly distributed
bedrock roughness significantly affects the solution. The frequency of the features
was determined by the second most common frequency of a Fourier transform of

48

!

the Bed Machine bed data, and had a value of !" 𝑘𝑚!! . The second dominant
frequency was chosen, because it was more representative of features in the data
that are present underneath the current ice sheet.

Each flowline configuration was initialized using the same method described in section
2.2.3. Each flowline was then forced using the temperature and precipitation forcing described in
section 2.2.2. Having a consistent climate forcing between each configuration allows for all of
the variance in the solutions to be attributed to the bedrock topographic configuration.
The smooth and sinusoidal beds produced nearly identical retreat pattern to the
Bedmachine bed during the simulation (Figure SI-1.2(a)). During the first three thousand years
of the simulations the Flat bed produced a similar retreat pattern to the others, but continued to
retreat an additional 100 km during the simulation. This additional retreat is the result of the
increased ice ablation near the terminus, which existed at a lower elevation in general and
therefore higher temperature than the other scenarios.
We find similar FMB retreat patterns of 15-16 km between the Bedmachine, sinusoidal,
and smooth configurations. An additional 28 km of FMB retreat occurs in the flat scenario
(Figure SI-1.2(b)). Similarly to the terminus retreat pattern, the divergence of the flat bed from
the others occurs around 3 thousand years into the simulation.
The results indicate that consistent retreat patterns both of the terminus and the FMB can
be discerned with a fairly limited understanding of the basal topography. This is indicated by the
consistency of the retreat patterns for the Bedmachine, sinusoidal, and smooth beds despite each
of these each of these of these configurations having significantly different arrangement of kmscale features. These is some variance in the solutions, but this variance is small. However, this
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result breaks down when flowline scale topographic features are removed. This can be seen in
flat bed configuration. When the flat bed is used there is significantly more retreat of both the
terminus and the FMB. The removal of the flowline scale topographic feature ultimately impacts
the surface mass balance near the terminus to an extent that the flowline retreat is increased,
causing larger changes in frictional and strain heating field near the FMB. This results in the
additional retreat of the FMB (see section 2.3.4).

Figure SI-1.1: The four bedrock configurations used in this sensitivity analysis.
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Figure SI-1.2: The FMB (a) and terminus (b) evolution for each bedrock configuration.
3.2

Sensitivity of FMB Evolution to different Geothermal Heat Fluxes
In order to gain a better understanding of how the FMB migrates in regions with different

geothermal heat fluxes, we run three additional simulations given three additional geothermal
heat fluxes. These fluxes are 50 𝑚𝑊/𝑚! , 70 𝑚𝑊/𝑚! , and 80 𝑚𝑊/𝑚! . Since the value of 30
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𝑚𝑊/𝑚! used in the paper is likely as low a the geothermal heat flux is expected to be under
most of the Greenland Ice sheet, we choose to only increase the value of the heat flux. 80
𝑚𝑊/𝑚! was used instead of 90 𝑚𝑊/𝑚! , because a heat flow of 90 𝑚𝑊/𝑚! was found to
cause melting underneath the entire flowline.
Each flowline configuration was initialized using the same method described in section
2.2.3. Each flowline was then forced using the temperature and precipitation forcing described in
section 2.2.2. Having a consistent climate forcing between each configuration allows for all of
the variance in the solutions to be attributed to the differences in the geothermal heat flux.
As the geothermal heat flux is increased, the initial FMB position moves closer to the
divide resulting in a transition in the solution from movement dominated by changes in the ice
sheet geometry, to movement dominated by changes in the ice flow field and ambient ice
temperatures. When the geothermal heat flux is increased to 50

!"
!!

the initial FMB position is

pushed back to 158 km. At this location evolution of the FMB looks quite similar to the
evolution in the 30

!"
!!

case indicating the evolution is still driven by changes in frictional and

strain heating, but there is only around half of the retreat observed in 30
When the heat flux is increased to 70

!"
!!

!"
!!

case (Figure SI-2.1).

the initial FMB position is 122 km. The FMB

varies between 120 and 124 km over the course of the simulation, with a net retreat of 2 km. At
this distance from the divide, the FMB movement no longer correlates with the terminus retreat.
The most notable feature in the FMB evolution is a slight advance and retreat after 9 kyr BP
(Figure SI-2.3). This correlates well with a slight cooling and warming of the ice within 10s of
km from the ice divide (Figure SI-2.4(b)).
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When heat flux is increased to 80 mW/m^2 the initial FMB position becomes 86 km. At
this position, the FMB movement is completely insensitive to changes in the in the terminus
position (Figure SI-2.5). After 9 kyr BP there is cooling of the ice within 10s of km from the ice
divide resulting in a 20 km advance of the FMB. A subsequent 16 km retreat of the FMB occurs
after 4 kyr BP as the ice near the divide begins to warm again (Figure SI-2.6(b)), resulting in a
net 4 km advance of the FMB.
As the geothermal heat flux is increased, bed temperatures are considerably warmer. This
reflects in increased amount of energy from the subsurface present in the ice sheet. As these
warmer bed temperatures evolve, they experience less warming between the divide and the FMB
and the ice cools more within 10s of km from the ice divide (Figure SI-2.2,2.4,2.6). This
reduction in warming and increase in cooling can be attributed to larger vertical temperature
gradients in the ice. The larger vertical temperature gradients increase vertical conduction of
energy in the ice. This increases the effectiveness with which the bed can transfer energy into the
ice sheet interior, resulting in less warming at the bed. This increased temperature gradient also
enhances the changes in vertical advective fluxes of energy, which results in enhanced cooling
within 10s of km from the ice divide.
These results indicate that the movement of the FMB is highly sensitive to its initial
position. It appears that regions with high heat flows likely have FMB positions that are much
closer to the ice divide and are insensitive to effects associated with a changing terminus
position. However, the FMB itself can still be quite mobile and sensitive to changes in the flow
field and temperature moving through the ice sheet. These additional heat flux runs illustrate this
transition. As the FMB position is moves towards the divide with higher geothermal heat flux
values, its behavior shifts from a dominant signal from frictional and strain heating increases as
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the terminus retreats, to more reflective of the temperature changes that occur in the absence of
those signals. The reduced movement but similar pattern compared with the 30
50

!"
!!

!"
!!

run of the

run reflects the lessening dominance of the frictional and strain heating signal. The 80

!"
!!

looks much more like the temperature evolution driven by changes in the vertical advection of
ice near the ice divide and is completely insensitive to the terminus retreat. The 70

!"
!!

run shows

a transitional space between the two runs and is only slightly sensitive to each of the competing
effects.
On a final note, it is interesting that the magnitude of the response in the 80 mW/m^2 is
larger than any of the other signals. This could be in part because there is very little thermal
buffer from the bedrock, and also in part as the result of shallower temperature gradients along
the bed. Both of these effects would effectively allow from more mobility of the FMB given
even small changes in temperature.

!"

Figure SI-2.1: 50 !! model run location of the terminus and FMB over the course of the
simulation, plotted on the same time scale to highlight the correlation (or lack of) between
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terminus and FMB movement. Note that the terminus position scale (right y axis) is about 10
times that of the FMB position (left y axis).

!"

Figure SI-2.2: 50 !! model run absolute basal temperature (a) and change in absolute
temperature from initial basal temperature (b) along the retreating ice sheet transect. The dotted
orange line highlights the terminus position, and the dotted blue line indicates the FMB position.
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!"

Figure SI-2.3: 70 !! model run location of the terminus and FMB over the course of the
simulation, plotted on the same time scale to highlight the correlation (or lack of) between
terminus and FMB movement. Note that the terminus position scale (right y axis) is about 10
times that of the FMB position (left y axis).
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!"

Figure SI-2.4: 70 !! model run absolute basal temperature (a) and change in absolute
temperature from initial basal temperature (b) along the retreating ice sheet transect. The dotted
orange line highlights the terminus position, and the dotted blue line indicates the FMB position.

!"

Figure SI-2.5: 80 !! model run location of the terminus and FMB over the course of the
simulation, plotted on the same time scale to highlight the correlation (or lack of) between
terminus and FMB movement. Note that the terminus position scale (right y axis) is about 10
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times that of the FMB position (left y axis).

!"

Figure SI-2.6: 80 !! model run absolute basal temperature (a) and change in absolute
temperature from initial basal temperature (b) along the retreating ice sheet transect. The dotted
orange line highlights the terminus position, and the dotted blue line indicates the FMB position.
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3.3

Comparison of Terminus Retreat to Previous Work
We compare our result to the retreat history of work in Downs et al. (2020) (Figure SI-3).

We note that our retreat produces a good match to the modeled retreat history and moraine
positions.

Figure SI-3: Comparison of our modeled terminus retreat (blue), with mapped moraine history
including 95% confidence intervals (green), and prior modeling studies (orange) with 95%
confidence intervals (gray region).
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